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Determination of hydrogen sulfide in seawater using flow injection analysis and flow analysis'
Abstract-Flow injection analysis (FIA) and flow analysis (FA) were used to automate the calorimetric determination of hydrogen sulfide by the methylene blue method. A low-sensitivity FIA manifold for concentrations up to 200 PM H,S had a detection limit of 1.2 FM. A highsensitivity FIA manifold for concentrations up to 75 PM H,S had a detection limit of 0.12 PM. The C.V. was < 1% at concentrations > 10 PM. Sulfide standards were calibrated by calorimetric measurement of the excess triiodide ion remaining after reacting sulfide with iodine. The FIA method was tested onboard ship with samples from the Galapagos hydrothermal vents and compared with results obtained in situ using FA.
Hydrogen sulfide frequently occurs in oxygen-deficient areas of the ocean such as coastal lagoons, stagnant basins, and organic-rich sediments where circulation is restricted. Rare occurrences in the open sea beneath areas with intense productivity have also been reported (Dugdale et al. 1977) . Hydrogen sulfide is produced by bacterial reduction of sulfate during oxidation of organic carbon in these areas after dissolved oxygen, nitrate, nitrite, and manganese oxides have been consumed. It is also found in deep-sea hydrothermal solutions, where it is produced by high-temperature interactions between seawater and rock (Edmond et al. 1979; McDuff and Edmond 1982) . Dissolved sulfide can be an important energy source to chemoautotrophic organisms near the boundaries of these regions where oxygen and sulfide coexist in thermodynamic disequilibrium. The oxic-anoxic interface is characterized by sharp gradients due to the reactivity of sulfide and oxygen and the frequently low mixing rates. For the high-resolution measurements at the interface necessary to adequately describe these regions it is desirable to automate the analysis of sulfide.
The measurements are based on the highly sensitive and specific reaction of dimeth-' This work was supported by National Science Foundation grant OCE 83-11256. yl-p-phenylenediamine with sulfide in the presence of Fe(III) in an acidic medium. The product of the reaction, methylene blue, is the tetramethyl derivative of Lauth's violet (Strickland and Parsons 1972; Fonselius 1983) . Variations of the methylene blue method have been used routinely for the manual determination of sulfide in seawater (Cline 1969; Fonselius 1983) . Automation of the technique by segmented continuous flow analysis (AutoAnalyzers) has been reported (Grasshoff and Chan 197 1) .
We have adapted the methylene blue method to flow injection analysis (FIA) for several reasons. The high sampling rates and short lag times available with FIA result in high-resolution data in near-real time. Also, a modified FIA is amenable for use with a submersible chemical analyzer (SCAN-NER) developed in our laboratory (Johnson et al. 1986a ). We report here our methods for the determination of sulfide by flow injection analysis onboard ship or in shorebased laboratories and by flow analysis for measurements in situ with the SCANNER.
All solutions were prepared from reagent grade chemicals and distilled deionized water passed through a Millipore Milli-Q water system. (Strickland and Parsons 1972; Fonselius 1983) . Drawbacks to this method are that daily standardization of the thiosulfate is necessary and very precise titrations can be difficult and time-consuming at sea. We use the quantitative reaction of sulfide with triiodide to calibrate the solution by spectrophotometry. This procedure is rapid and easy to do onboard ship. The method is based on the following reactions:
IO,-+ 51-+ 6H+ = 312 + H,O; 31, + 31-= 313-; 3H,S + 313-= 91-+ 6H+ + 3s.
The triiodide ion is produced by reacting a known volume of iodate standard solution with excess iodide in an acidic medium. The sulfide stock solution is then added to reduce the triiodide (yellow color) to iodide (colorless).
The stock solution is standardized as follows. To 50 ml of water in a 60-ml plastic bottle is added 0.2 g of KI and the volume of iodate standard shown in Table 1 with a digital buret. Add 1 ml of 5% H,SO, and the volume of stock sulfide solution indicated in Table 1 . Cap tightly and protect the solutions from light to avoid photochemical oxidation of the triiodide. Measure the absorbance at 400 nm. After adding the acid, the rest of the procedure must be completed without delay to avoid volatilization of iodine.
The concentration of the stock sulfide solution is determined by plotting the absorbances of bottles 2 through 5, corrected for the blank (bottle l), vs. the volume of sulfide added. Extrapolate the line to an absorbance of zero to determine V,, (~1). The concentration, C, in mM is c= c, x 1,500 X 3/V,, where C, is the concentration of the iodate solution (1.667 mM), 1,500 is the volume (~1) of iodate added to each bottle, and 3 is the number of equivalents of sulfide consumed per equivalent of iodate. Avoid adding volumes of sulfide > 30 ~1 as colloidal sulfur, which scatters light, is formed.
If daily standards in the O-60 PM H,S range are made, 50-ml aliquots of these standards can also be standardized directly by this method. In this case, the triiodide should first be formed in 10 ml of Milli-Q water and then 50 ml of the daily standard added. Reducing substances other than H,S can react with triiodide and interfere in this analysis. There should not be any interfering substances in the Milli-Q water. If, however, the standards are made up in seawater, species such as nitrite should not be present. Nitrite will be oxidized by triiodide to nitrate and consume two equivalents of triiodide for each equivalent of nitrite. The concentration of reduced compounds in oxygenated surface seawater will probably be negligible under most conditions.
Methylene blue does not conform to Beer's law when the final sulfide concentration (after reagent additions and dilutions) exceeds about 20 PM H,S. Therefore, we have developed two versions of the analysis for sulfide: a low-sensitivity technique suitable for concentrations up to 200 PM H,S, and a The sample merges with the amine reagent at a T-connection.
After passage through 50 cm of PTFE tubing, the sample/ amine mixture merges with the 0.6 N HCl solution at another T-connection. Ferric chloride reagent (20 ~1) is injected into the 0.6 N HCl every 1.5 min through a rotary injection valve (Rheodyne model 504 1) with a pneumatic actuator (Rheodyne model 570 1). The mixture then passes through 100 cm of PTFE tubing and into a 2-cm pathlength flow-through cuvette. A Lachat colorimeter (model 1000-300) with a 660-nm interference filter measures the absorbance of the solution. The amine and Fe(III) reagents are separated because a mixed reagent is not stable at the acid concentrations used.
Erroneous signals result when the refractive index of an injected reagent is different from that of the carrier stream into which it is introduced (Betteridge et al. 1978; Johnson et al. 1985) . This effect is eliminated by injecting the reagent into a carrier stream with the same refractive index. The carrier stream then merges with the sample stream. We use this technique in the manifold shown in Fig. 1 . The ferric chloride reagent is injected into a carrier stream of 0.6 N HCl, which has a similar refractive index. This analysis can be used in areas of varying salinity, such as estuaries, without any corrections for the refractive index effect. The sample in the low-sensitivity manifold flows at a much lower rate than the reagents. The reagents dilute the sample at the T-connections so that concentrations up to 200 PM H,S can be determined. However, the linear range of the calibration curve extends only to 100 PM. Increasing the reagent concentration does not markedly improve the linearity of the calibration curve (Fig. 2) . The deviation from Beer's law may be due to some interaction between dye molecules at high concentration.
The calibration curve measured with the low-sensitivity manifold is shown in Fig. 3 as curve A. The coefficients of variation for 2, 10, and 100 PM standards are 3.7, 0.7, and 0.5% (n = 6). The detection limit, defined as 2 x the blank concentration, is 1.2 PM.
If the concentrations of hydrogen sulfide will not exceed 75 PM and increased sensitivity is desired, then the manifold can be modified for high sensitivity by simply switching the amine and sample lines. The calibration curve measured after this change is shown in Fig. 3 as 0.6% at 20 PM (n = 10). The detection limit measured with this high-sensitivity manifold is 0.12 PM. The detector response for a series of low sulfide standards is shown in Fig. 4 .
Methylene blue formation is inhibited if the amine concentration is not high enough relative to the sulfide concentration. For example, with the high-sensitivity manifold, a standard containing 75 PM sulfide gives an absorbance of 1.11, a standard containing 750 PM sulfide only 0.54, and a standard containing 1,500 PM sulfide does not give any signal at all. Increasing the amine concentration leads to higher signals (Fig. 2) ; however, the blank absorbance increases as well due to the formation of a pink-red intermediate between the amine and the FeCl,. The amine concentration should be kept as low as possible to reduce the blank signals. The amine concentration chosen (0.48 g liter-l) is high enough to work in the upper end of the sulfide concentrations encountered in the Galapagos Rift, but low enough to give reasonable blanks at low concentrations.
The flow injection manifolds as described are suitable for analysis of discrete samples and can also be used to sample the effluent from a pumping system. An injection can be made about every 1.5 min (40 samples h-l) when th e fl ow rates listed are used. If a higher rate of measurement is needed, or if one is working at depths beyond the capability of pumping systems, then analyses must be performed in situ. For continuous analyses in situ, the injection valve is replaced by a T-connector. We refer to this manifold arrangement as flow analysis (FA). Higher temporal resolution is achieved because the analysis is continuous: concentrations can be determined within seconds.
The manifold for sulfide determinations in situ by flow analysis with a submersible chemical analyzer (SCANNER) is shown in Fig. 5 . Details of the SCANNER are described elsewhere (Johnson et al. 1986~~) . The amine and ferric chloride reagents are pumped through 0.76-mm-i.d. viton pump tubing, the sample through 1.42-mm-i.d. viton tubing. The FeCl, reagent is the same as described in the FIA procedure, but the amine reagent has 0.95 g of amine per liter rather than 0.48 g. Under these conditions, the extent of methylene blue formation is 96% at I-atm pressure and 20°C with flow analysis. Because the reaction kinetics of methylene blue formation decrease with lower temperatures, the high concentration of amine is used to ensure adequate color formation at the ambient temperatures expected (about 2°C) at the depths of deployment in the Galapagos Rift (2,500 m).
Estimates of precision based on replicate analyses of 25, 75, 125, and 150 PM standards give standard deviations (1 a 1.2, 2.0, and 1.7 PM (n = 11). The accuracy of the calculated standard concentrations is within 2-4% of their nominal value.
Both flow injection analysis and flow analysis were used to analyze hydrothermal solutions from the Rose Garden vent field in the Galapagos Rift. Corliss et al. (1979) and Hessler and Smithey (1983) described the hydrothermal vent site. We used flow injection analysis to measure sulfide concentrations in discrete samples and flow analysis for continuous analyses in situ with the SCANNER mounted on the submersible Ahin. The SCANNER sample inlet was attached to a probe on the starboard manipulator so that sampling locations could be controlled by the observers. Readings every 10 s were graphically displayed in the submersible with a microcomputer, and observers activated a pumping system and collected discrete samples for later analysis onboard ship with FIA. Water for FIA sulfide analyses was drawn into 30-cc glass syringes from the discrete sample bottles, capped with serum sleeve stoppers, and analyzed as soon as possible to avoid losses by oxidation and volatilization (within 2 h of Alvin surfacing). A plastic 3-way stopcock with Luer lock end fittings secured to the sample inlet line of the FIA system permitted direct introduction of samples into the system without air entrainment.
In Fig. 6 , we compare measurements from two dives with the SCANNER with FIA measurements on discrete samples collected during several dives. The SCANNER data were collected during 27 min of dive time with readings taken every 10 s. Also shown are the results obtained manually for discrete samples collected at the Rose Garden vent site in 1979 (Lilley et al. 1983 ). The sulfide values are plotted vs. silicate, which is a conservative tracer of vent water (Corliss et al. 1979) . Although McDuff and Edmond (1982) indicated that there may be uncertainties in the 1979 data due to entrainment of ambient water and oxidation of sulfide, the data from the various methods are in general agreement. The agreement between oxygen and sulfide values determined in situ with discrete samples (Johnson et al. 1986b ) also indicates that oxidation of sulfide between the time of collection and analysis is not a significant problem if analyses are not delayed.
The 1977 data of Edmond et al. (1979) show significant interfield (Oyster Beds, Garden of Eden, Clambake) variability in the sulfide-silica relation; in addition, our data show significant intrafield variability. Some sites within the Rose Garden vent field have low sulfide/silicate slopes, as seen in the dive 153 1 data; other sites have relatively higher slopes, as seen in the dive 1527 data. This variability probably accounts for most of the scatter in the discrete sample data.
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